An assay for the Maillard reaction has been developed to screen efficiently inhibitors from natural resources such as extracts of plants. The fluorometric analysis of fluorescent material based on advanced glycation endproducts (AGEs) was applied to measurement of an inhibitory index of the Maillard reaction to detect all of the inhibitors at each step of the complicated reaction. To solve the two major problems, slowness of the reaction rate and the existence of interfering substances such as quencher and fluorescent material in the screening sources, we devised the following procedures. Slowness of the reaction rate was solved by raising the reaction temperature to 60°C at which the conformation of bovine serum albumin (BSA) did not change greatly. To remove the interfering substances, AGEs-BSA was precipitated from the reaction mixture. Thus, an efficient assay system by measuring the fluorescent intensity based on AGEs was established to isolate the glycation inhibitors from natural product extracts.
INTRODUCTION
Since Maillard reported the nonenzymatic browning reaction by heating a mixture solution of sugar and amino acid, the Maillard reaction has been studied in the field of sitology.
1) The reaction is roughly divided into two stages, the early and late Maillard reactions. The early stage consists of the process whereby an Amadori rearrangement product is formed via 1,2-eminal after Schiff base formation between the amino group of protein and the aldehyde group of the reducing sugar. 2, 3) The late stage involves the following processes: complicated oxidation reaction, dehydrogenation and condensation followed by formation of fluorescent proteins containing advanced glycation endproducts (AGEs) and intra-and intermolecular crosslinkage of the proteins. 4) AGEs are a generic name for advanced glycation endproducts by the Maillard reaction, and the structures of some AGEs, N e -(carboxymethyl)lysine, 5) pyrraline, 4) pentosidine, 6) crossline, 7) etc., have been reported. On the other hand, an
Amadori rearrangement product as hemogrobin A 1c (HbA 1c ) was identified from the blood of a diabetic subject in 1975. 8) In addition, it was reported in 1984 that the fluorescent material (FFI) in the AGEs protein accumulated in dura mater collagen with age, and the values of FFI obtained at autopsy from diabetic subjects were found to be higher than those from normal subjects. 9) The Maillard reaction in vivo has attracted attention by these observations. Moreover, glycation of proteins causes structural and functional changes, such as immobilization by crosslinkage, 10) addition of resistance to protease 11) and change in the activity of glycated enzyme.
12)
From these phenomena, it seems that the accumulation of AGEs is one cause of diabetic complication, and the prevention and improvement of such the accumulation are possible by inhibiting the formation of AGEs. Aminoguanidine (AG), 13) aspirin, 14) vitamin B6, 15) taurine 16) and quercetin, 17) etc., have been reported as inhibitors of the Maillard reaction. Since AG was found to be a specific inhibitor of AGEs formation and cross-linking formation of proteins in 1986, 13) its biological characteristics have been evaluated by various researchers. For example, AG was found to prevent increase in collagen-related fluorescence in the aorta, glomeruli and renal tubles of diabetic rat, 18) and AG inhibited the accel- 19) These experiments indicate a possibility of the Maillard reaction inhibitor as a diabetic complication drug. However, the effective dose of AG is very high and chronic administration cannot be avoided because of the property of the diabetic complication. Therefore, the development of more potent drugs has been desired. From this viewpoint, Morimitsu et al. performed the screening of glycation inhibitors from plant extracts, and quercetin was isolated as an active compound from thyme. 17) In spite of the significance of the Maillard reaction inhibitor as a remedy for the diabetic complication, no report on isolation of the inhibitor from natural product extracts could be found except for the Morimitsu report in our survey of the literature. Then we assumed that there is some drawback in the screening system for natural products. While many detection methods for the Maillard reaction have been developed upto now, the detection methods of the Amadori compound, especially HbA 1c as the most fundamental index that shows the glycemic control in the diabetes mellitus, are important. [20] [21] [22] In this paper, we report the development of a new detection method for the Maillard reaction, which is useful for isolation of the inhibitor from natural product extracts. Conformational Changes of BSA ---BSA (800 µg/ml) was dissolved with 50 mM phosphate buffer, pH 7.4 and incubated for 30 hr at various temperatures between 37 and 80°C; successively, the changes in the CD spectrum were monitored at the same temperature with the spectropolarimeter J-720W (JASCO, Japan). In Vitro Glycation ---500 µl of reaction mixture was prepared containing 400 µg BSA, 200 mM glucose with or without inhibitor or 10 µl of plant extracts in 50 mM phosphate buffer, pH 7.4, and the reaction mixture was heated at 60°C on a heat block for indicated hours. The sample of blank, unreacting solution without inhibitor or plant extract, was kept at 4°C until measurement. After cooling, aliquots of 100 µl were transferred to new 1.5 ml plastic tubes, and 10 µl of 100 % (w/v) TCA was added to each tube. The supernatant containing glucose, inhibitor and the interfering substances was removed after agitation and centrifugation (15000 rpm, 4°C, 4 min), then the precipitate of AGEs-BSA was dissolved with 400 µl of alkaline phosphate-buffered saline (PBS) to serve for screening. The comparison of fluorescence spectrum (ex. 370 nm) and the change in fluorescence intensity (ex. 370 nm, em. 440 nm) based on AGEs were monitored by using spectrofluorometer RF-1500 (Shimadzu, Japan). The absorbance (350 nm) change based on Schiff base formation was measured by spectrophotometer U-3210 (Hitachi, Japan). The glucose incorporation activity was measured by the following method. D- [6- 3 H]-glucose (5 µl: 0.185 MBq) was added to the above-mentioned reaction mixture, and the radioactivity incorporated in BSA was measured by using a liquid scintillation counter BECKMAN LS 6000TA (Beckman, U.S.A.) after incubation, TCA precipitation and solubilization with alkaline PBS. The Preparation of Plant Extracts ---Each of the dried species (1 g) was extracted with 10 ml of 50% ethanol at room temperature for 1 week and then each extract was filtered. The Measurement of the Maillard Reaction Inhibitory Activity ---Real inhibition activity was estimated by subtracting the quenching effect from the apparent inhibitory activity. Apparent inhibitory activity was calculated by the above method. Quenching effect was measured by using the same sample dissolved with alkaline PBS after TCA treatment of the mixed solution of 2 µl of plant extract and 100 µl of the 30 hr incubated control solution without inhibitor or plant extract.
MATERIALS AND METHODS

Chemicals
RESULTS
Conformational Change of BSA Based on Temperature Rise
The rise of the reaction temperature enables us to solve the problem of slowness of the reaction rate and low sensitivity for the detection of AGEs, because the Maillard reaction is a nonenzymatic reaction. However, it may cause thermal denaturation of BSA as a substrate of the reaction. Then, the confor-mational change by heat treatment of BSA was monitored by the change in circular dichroism (CD) spectra. Figure 1 shows the CD spectra of BSA treated at 37, 50, 60, 70 and 80°C. As the result, the spectra at the temperature below 60°C did not show striking change; however, large changes at over 70°C were observed. It is suggested that most of the α-helical structures of BSA are retained at the temperature below 60°C. Thus, we set the reaction temperature in the screening system at 60°C.
Removal of Interfering Substances
Plant extracts used for screening samples contain excessive amounts of coloring matter like chlorophyll and autofluorescent material like phycobiliprotein. 23) Since the fluorescence intensity based on the AGEs generation is very low, it is considered that the quenching effect is very high in the case of the screening samples containing such natural product extracts. Arithmetic removal of the quenching effect has been done by subtracting the fluorescence intensity of the control solution, to which was added the screening sources, from that of the solution after the reaction in the presence of the screening sources. It was impossible to detect the inhibitory activity by the arithmetic removal of the quenching effect in most of the natural product extracts as shown in the data without TCA treatment (Fig. 2) . Probably, the components of the natural product extracts were denatured and excessive amounts of the interfering substances were formed under the reaction conditions. Therefore, physical removal of autofluorescent and quenching materials from the reaction mixture was examined. Adding TCA to the solution after the reaction precipitated all proteins including AGEs-BSA, and the supernatant including the interfering substances was removed. Precipitated AGEs-BSA was dissolved with alkaline PBS, and the fluorescence intensity and apparent inhibitory activity were measured. Then, the quenching effect by the nonspecific adsorption to the protein of the screening sources was estimated by measuring fluorescence intensity of the TCAtreated solution of the solution which added the screening source for the solution after the reaction without adding it. Finally, real inhibitory activity was calculated by subtracting the quenching effect from the apparent inhibitory activity. As the result, the effective inhibition activity was detected in some natural product extracts.
Change in AGEs Structure by TCA Treatment
The effect on the structural change in AGEs by TCA precipitation following dissolution with the The changes in the CD spectrum of BSA were examined on rising temperature (37, 50, 60, 70 and 80°C). BSA solution in phosphate buffer was incubated at each temperature for 30 hr. CD spectrum was measured at the same temperature.
Fig. 2. The Maillard Reaction Inhibitory Activity after the Removal of Fluorometry Interfering Substance
Inhibitory activity in using screening sources with TCA treatment was compared with that without TCA processing.
alkaline PBS was examined (Fig. 3) . The TCA treatment was done on the control solution after the reaction, and its fluorescence spectrum (ex. 370 nm) based on FFI, one of AGEs 24) was compared with that before the TCA treatment. The fluorescence spectrum of the reaction mixture before TCA treatment showed the formation of AGEs under the reaction conditions, and the pattern of the spectrum was essentially the same as that after TCA treatment. This result suggested that the TCA treatment did not affect the structure of AGEs.
Synchronization between TCA Treatment and Other Methods
Progression of the Maillard reaction detected by the method of TCA treatment, synchronized with those detected by other known methods (Fig. 4) . The time course of fluorescence intensity based on AGEs formation using the TCA treatment was compared with those of the incorporation activity of 3 H-glucose into BSA, the absorbance based on Schiff base and the fluorescence intensity based on AGEs without the TCA treatment. As the result, its radioactivity, absorbance and fluorescence intensity increased with the progress of the reaction, and the increases were proportional to the incubated time. These were synchronous with the increase of the fluorescence intensity using the method of TCA treatment. Thus, it was confirmed that the assay with the TCA treatment is compatible with other methods for the detection of the Maillard reaction.
The Maillard Reaction Inhibition Activity by AG
AG is a well-known compound as the Maillard reaction inhibitor. The Maillard reaction inhibitory activity by AG was examined using the TCA treatment method (Fig. 5) . The inhibitory activity was dose-dependent regardless of with or without the TCA treatment. However, the inhibitory activity in the case of the method with the TCA treatment was higher than that without TCA treatment. A main reason for this difference might be the quenching effect by the decomposed AG in the reaction.
DISCUSSION
In this study, improvement of the conventional assay method was carried out to establish an efficient screening system of the Maillard reaction inhibitor using natural product extracts. In general, the Maillard reaction using a reducing sugar such as glucose and proteins such as BSA or a basic amino acid such as lysine and arginine has been studied in neutralized phosphate buffer. In order to detect its progress over a short period, ribose of which the reducing power is higher than that of glucose and lysine and/or arginine instead of protein has been used. 25) However, the Maillard reaction using such substrate composition would not reflect the result obtained in vivo. We therefore used glucose, of which concentration in the blood of a diabetic is controlled, 26) as a reducing sugar, and inexpensive BSA, which is a component of mammalian blood, as a protein substrate. Thus, we improved the reaction conditions and the detection method using these substrates. The conventional assay for the Maillard reaction is generally divided into the following three methods: detection of the radioactive incorporation of 14 C/ 3 H-glucose into protein, 13) the reducing power of Amadori products 27) and the fluorescence intensity based on of AGEs formation. 8) The detection sensitivity of the method using 14 C/ 3 H-glucose is very high, and detection is possible under the physiological condition at 37°C and for a comparative short time (30-60 hr). However, it is possible to detect only the binding activity of glucose with protein, which is the initial stage of the Maillard reaction. Therefore, it might be impossible to detect the inhibitor of successive stages including AGEs formation, even if an effective inhibitor exists in the screening sources. In addition, usable facilities for the isotope have been limited. The detection of an Amadori compound, especially HbA 1c , 8) has been used as the most fundamental index for the glycemic control in diabetes mellitus. Thus, various detection methods using high performance liquid chromatography, 22) monoclonal antibody, 28) periodic acid 20) and reduction using Na[ 29) Since the inhibitor of AGEs formation, which must be a cause of diabetic complication, should be detected as much as possible in the screening, we adopted the detection of the fluorescence intensity for our screening system. To use the detection method, the following two problems should be solved. One problem is the slowness of the reaction rate and the other is fluorometry interference by autofluorescences substances and color pigments, which exist in natural products extracts. The reaction rate should depend on the reaction temperature, because the Maillard reaction is a nonenzymatic reaction. Therefore, the problem of slowness of the reaction rate could be solved by using higher reaction temperature. However, Takeda et al. reported a conformational change by heat treatment of BSA namely, the α-helical structure began to decrease and convert into a β-structure at over 40°C. 30, 31) This result was a little different from our observation that there was no remarkable conformational change up to 60°C. We used Fraction V of BSA, whereas Takeda et al. utilized high-pure crystallized BSA, so it seems to show different stability at high temperature. As a result, we could set the reaction temperature at 60°C in our screening system without any trouble.
In natural product extracts as a screening source, a large amount of autofluorescence and coloring substances are included. The fluorescence intensity of these substances was comparatively high; for instance, the intensity in some samples was over 10 times higher than that of the control. From the standpoint of reliability of the inhibitory activity, it was difficult to exclude properly the quenching effect by the subtraction processing. In addition, it was impossible to exclude the quenching effect by subtraction in the screening samples where the structure of the material in the screening sources changed, colored and discolored under the reactions. Thus, the interfering substances in the reaction mixture were removed successfully by adding TCA and the precipitating protein included the AGEs-BSA complex. Then, the fluorescence intensity of the protein fraction was measured. Among the known AGEs, FFI, 9) pentosidine, 6) pyrraline, 4) crossline 7) and N e -(carboxymethyl)lysine, 5) only pentosidine was reported to change its fluorescence intensity by the pH fluctuation. In this study, FFI was detected as the major fluorescent material by the fluorescent spectrum. The fluorescent spectrum pattern based on FFI did not change even after TCA treatment. Thus, it was considered that the chromophore of FFI was not affected by TCA treatment. IC 50 of AG on the Maillard reaction was reported to be 2-10 mM, in spite of the difference in type and concentration of the substrate in the reaction mixture. Although we also obtained a similar result, the inhibitory activity of AG on the Maillard reaction with TCA treatment was higher than that without TCA treatment. In this study, TCA precipitation of BSA-AG was applied to the assay for the Maillard reaction as a key step for the successful inhibitor screening. This method is applicable to high throughput screening using a 96/384 well fluorescence plate reader. [32] [33] [34] 
